We describe a feedback-controlled active mechanical probe which can achieve a very low mechanical impedance, uniformly over a wide frequency range. The feedback produces a state of quasi-resonance which transforms the probe into a source of force used to excite an unknown load, resulting in a precise measurement of the real and imaginary components of the load impedance at any frequency. The instrument is applied to the determination of the mechanical impedance of a fingertip.
I. INTRODUCTION
The present article describes an apparatus which is primarily intended for the measurement of the fingertip mechanical impedance, and of other objects of similar scale. The characterization of the bulk mechanical properties of the human finger plays an important role in the study of touch perception, in the design of tactile and haptic interface devices, in rehabilitation systems involving mechanical interaction of the hand with surfaces, and in other fields such as the detection of skin pathological conditions. [1] [2] [3] [4] [5] [6] [7] [8] For instance, the study of the stability and robustness of the control of haptic devices depends on such knowledge. 9 Another example is in the area of tactile stimulators, where an accurate recording and reproduction of tactual signals depends on the knowledge of the mechanical characteristics of the skin.
10,11
The concept of impedance and of its inverse-the concept of mobility-is useful to model and analyze the dynamics of mechanical, electrical, acoustic, hydraulic systems, and combinations thereof. 12, 13 In the mechanical domain, one considers the relationship between the force applied to an element and the resulting displacement. When linear, lumped parameter analysis applies, an impedance can be represented by a combination of interconnected masses, springs, and dampers.
There are several approaches to measuring mechanical impedance. At the meso-scale, a widely used device is the so-called 'impedance head' employed in conjunction with an electrodynamic shaker. This device simultaneously records force and acceleration signals using two separate sensors. The inertial term resulting from the movements of the probing peg is subtracted from force readings in order to access force and acceleration at the interaction point. Measurements involve activating the shaker to excite the region or the object to be probed. Excitation a) Electronic mail: michael.wiertlewski@cea.fr b) Electronic mail: vincent.hayward@isir.upmc.fr can also be achieved though inertial forces, rather than from ground reaction.
14 Achieving collocated sensing, a prerequisite for accurate measurements, is difficult and colocation defects result in significant errors in the final impedance measurement. 15 Another approach is to recover the mechanical impedance from the variation of the electrical impedance of an electromagnetic transducer which can be measured accurately.
16
In nanotechnologies, the options are more limited. An approach to measuring mechanical properties at a very small scale is to use a vibrating cantilever driven at its natural resonance. The measurement then involves detecting amplitude changes for the same frequency (amplitude modulation) or the resonance frequency shift for the same amplitude (frequency modulation) of the tip of a cantilever in contact with a sample to be probed.
17-20
This approach is particularly effective in vacuum since the Q-factor of the instrument, and hence its sensitivity, can reach large values. The displacement amplitude at resonance can then be much above the noise floor of the sensors, resulting in a high signal-to-noise ratio. Exciting a transducer at resonance is akin to reducing its impedance to a small value.
The instrument about to be described employs a resonance approach, yet, it is capable of operating over a wide range of frequencies, instead of just one. The system is driven by a closed-loop controller that reduces the apparent impedance of an electromagnetic transducer by almost an order of magnitude. Error propagation analysis shows how the feedback loop reduces measurement uncertainty. The impedance of the probed object can be recovered by subtraction of the unloaded response from the measurement made during testing.
The instrument is applied to produce frequency sweeps of the probing force to recover the impedance of a fingertip over a wide bandwidth. A complete measurement example is provided, revealing interesting properties of the mechanical behavior of the human fingertip.
II. IMPEDANCE MASKING APPROACH
In the foregoing, a symbol in capital case designates the Fourier transform of a signal identified by the corresponding lower case symbol. Capital letters also denote the Laplace transform of a transfer function.
A. Principle
Referring to Fig. 1 , the apparatus comprises a force generator, f (t), acting on the probe associated to an impedance, z p , having a tuned response. The response is affected by coupling the probe to an unknown load impedance, z u , e.g. a finger. If the two impedances share the same velocity by mechanical connection, recovering the unknown impedance involves subtracting z p from the total impedance z. In frequency domain we have,
where ω is the pulsation and B is the frequency range considered. An impedance can be found by comparing the force applied, F (jω), to the accelerationẌ(jω), the velocitẏ X(jω), and the displacement X(jω),
If Z p is known, the unknown load mechanics can be deduced at any frequency from the measured impedance using b = (Z u (jω)) and mω − k/ω = (Z u (jω)). This approach is effective only if the impedance of the probe is commensurate with or smaller than that of the load. The smaller is |z p | before |z u |, the better is the measurement. In this article we describe a closed-loop control approach to reduce the impedance of the probe without suffering from sensor noise amplification.
B. Error Analysis
The unknown impedance, z u , is calculated from
where f is the force output from a transducer,ẋ the velocity of the probe coupled to the load, andẋ p the velocity of the unloaded probe. Assuming additive white Gaussian noise in the sensors and a rigid probe, the variance of the measurement can be expressed in terms of individual components by evaluating the propagation of error,
If σ f and σẋ can be considered to be constant, it follows that in order to minimize the variance of σ z , the unloaded probe displacement should be as high as possible, i.e the probe mobility should be as high as possible,
This relationship is at the core of the resonant measurement principle. Low-loss transducers oscillating at resonance have an impedance that is close to zero, displacement is maximized, and the measurement of the load impedance is optimal. At this point, there are two possible paths to follow in order to achieve an active reduction of impedance for any frequency using a single transducer. They are discussed in the next section.
C. Active Feedback Control Approaches
A first approach would be to use feedback to construct a closed-loop system that behaves like a high-Q resonant system whose frequency can be placed arbitrarily. The resonant tuning approach is attractive, but is only applicable over a narrow range. Given a certain physical transducer, forcing the closed-loop system to resonate above the transducer's natural frequency becomes increasingly difficult with rising frequencies, since the input drive signal amplitude must also increase, leading to saturation.
Another inherent limitation comes from the sensitivity behavior of a closed-loop system. 21 Given G, the system transfer function and C, the feedback, the magnitude of the sensitivity function, |S| = 1/|(1 + GC)|, cannot be kept low when |G| becomes small, since there is no freedom in the choice of C. The result is an increasing sensitivity to parameter errors, precluding the achievement of high-Q closed-loop behavior in the high frequencies. Such an approach also limits the measurement options since identification techniques employing random signal excitation are precluded.
Another approach, adopted here, is to employ feedback to reduce the impedance of the closed-loop system over a targeted range of frequencies. If the system impedance can be kept uniformly low in this range, then many measurement options are possible, including the sine sweep excitation technique that is exemplified in this article. Intuitively, the objective is to maximize displacement by increasing the apparent mobility. The choice of the transducer is therefore critical. Laplace-force transducers or electrostatic force transducers have the desired natural, low-impedance characteristics. At the targeted lengthscale (1-10 mm displacements), however, electromagnetic transducer, i.e. the voice-coil is the transducer of choice.
In the control diagram, Fig. 2 , Y p = 1/Z p represents the mobility of the probe, Z c the impedance of the active feedback, γ the combined drive factor of the transducer and the gain of the amplifier, u the reference input, and i the current driven in the coil.
Closed-loop control. Position, velocity and acceleration are fed back to the transducer to modify the apparent impedance.
The output,ẋ, is a combination of sensor noise signal, n, injected in the loop and of the reference signal u d ,
Assuming that the noise from the sensor is zero-mean, Gaussian with variance σ 2 n , and that the sensor is the dominant source of noise, the measurement variance is
and the mean velocity is
The ratio σẋ/ ẋ does not change under closed-loop control, hence the measurement is not affected by closing the loop, as long as the feedback does not introduce additional significant errors. The control problem boils down to a pole placement problem to produce a uniform response over a range of frequencies, while achieving a reduction of the apparent impedance of the transducer at a value significantly smaller than that of the load to be measured.
III. IMPLEMENTATION
The concept was applied to the particular case of the measurement of the fingertip impedance. A device, illustrated Fig. 3 , was constructed from a voice-coil motor driving a eight-bar flexural guide able to support the pressure of a finger. Since a voice-coil accurately transforms a current into a force, the sensors are expected to be the dominant source of noise and error. To avoid the need to design a state-observer, sensors directly measuring displacement, velocity and acceleration were included in the design.
A. Electro-Mechanical Arrangement
Referring to Fig. 3 a fingertip The flexure was of the eight-bar type which has the benefit of exact compensation of off-axis stresses and which therefore provides accurate linear guidance, even for large deflections. 22 It was cut out of acetal plastic.
The voice-coil was driven by a voltage-controlled current amplifier in order to compensate for the coil inductance and the back-emf. The Laplace force generated by the coil was then proportional to the command voltage, u, see Fig. 4 . The circuit was built from an operational amplifier (opa548, Texas Instruments, Dallas, tx, usa) where the feedback was provided by a precision shunt resistance R s . The transconductance gain was i/u = −R 2 /(R 1 R s ). Given a voice-coil with drive factor Bl, the total gain was
B. Impedance feedback control loop
The objective was to reduce the apparent impedance of the system in order to maximize the difference between the unloaded and the loaded configurations. The control was obtained by feeding back position, velocity, and acceleration to the transducer through three gains that respectively modified the apparent stiffness, damping, and mass of the system. The open-loop transfer function in the Laplace domain was
where m, b and k are the mass, damping coefficient and the stiffness of the actuator, and where s is the Laplace operator. In closed-loop operation, the position, x, the velocity,ẋ, and the acceleration,ẍ, were fed back through gains l k , l b , and l m , leading to
The apparent dynamic parameters werē
Thus,
where Z c (s) = l m s 2 + l b s + l k , represents the controller impedance as in Fig. 2 . Stability was ensured as long as the apparent dynamic parameters were strictly positive.
The feedback was implemented using analog circuits employing operational amplifiers (lmc660, Linear Technology Corp., Milpitas ca, usa) to compute the gains, sums, and differences that the control required.
C. Sensing
The position sensor was built from a hall-effect sensor (ss49, Honeywell, Morristown, nj, usa) responding to the magnetic field of a semi-Halbach magnet configuration that created that created a uniform gradient over a large region. With three 5 mm cuboid neodymium-ironboron magnets a 4 mm region with a 0.1 T/mm gradient at a distance of 2.5 mm away from the magnets was achieved, see Fig. 5 . A finite-element analysis showed good linearity over ± 2 mm range (linear regression with R 2 > 99.9%). This configuration exhibited a five-fold advantage over the convention single-magnet arrangement. The noise floor of the position sensor was 2 µm.
Velocity was measured from the back-emf generated by the voice-coil. The voltage, v, across the coil terminals and the current, i, flowing through it (through the R s shunt resistor) were measured. The circuit included the voice-coil electrical impedance, Z e , in series with a voltage generator, e = Blẋ, and a known voltage generator, v. Kirchhoff's law gives e = v−[(Z e +R s )/R s ]u s from whichẋ was easily derived with the analog electronics. A commercially available accelerometer (2250a-10, Endevco, San Juan Capistrano, ca, usa) measured acceleration. Its mass was 0.4 g and its size was 5 × 10 × 3 mm.
D. Control
The resulting system could be represented by a secondorder system, but this approximation did not hold in the high frequencies. Since we aimed at wide bandwidth operation, the higher modes reduced or eliminated the stability margin at high gains. Autoregressive identification showed that the actual system could be well approximated by a 6-pole and 2-zero transfer-function from 20 Hz to 10 kHz. The lower two poles accounted for the second order behavior, and the remaining poles and zeros modeled a low-Q anti-resonance around 800 Hz and a sharper resonance at 3 kHz. The frequency response of the system and of the model are shown in Fig. 6 . From this model, the root loci for each feedback gain, acceleration, velocity, and position, were computed, see Fig. 7 . Acceleration feedback decreased the apparent mass, but also reduces stability as the other poles moved toward the right-hand-side of the imaginary plane. Velocity feedback reduced the apparent damping. Stability was ensured only when the apparent damping was strictly positive. Position feedback modified the appar- ent stiffness. Stability was ensured as long as the apparent stiffness was strictly positive. With the aid of these diagrams, the system was tuned to achieve the response described in the next section.
IV. RESULTS

A. Unloaded closed-loop response
The closed-loop frequency response in the targeted frequency band of the unloaded actuator is shown in Fig. 8 , where it can be compared to the original open-loop response. With a 3 dB gain margin on the acceleration feedback, the mobility was increased by a factor 5. The closed-loop accelerance was the same as the accelerance available in open-loop at the natural resonant frequency (i.e. 100 Hz). A limiting factor of the present realization was the 800 Hz resonance. Performance could be increased in future realizations by employing more accurate sensors and by optimizing the structural response of the suspension. Using better materials than acetal plastic it would be possible to push the frequency of the higher modes further away from the natural resonant frequency. 
B. Proof masses
Validation was performed using calibrated masses of 0.5 g and 1.25 g. Using sine sweep excitation for the measurements of the unloaded and loaded response, the impedance in 30-500 Hz band was retrieved, see Fig. 9 . The standard variation was evaluated from 50 measurements. These measurements were extracted from the accelerometer signal which is the most accurate of the three sensors used in the system. Above 100 Hz, measurement errors never exceeded 10%. The standard deviation of the measurement follows the same amplitude pattern as the impedance and the relative acceleration was higher above 80 Hz. The uncertainty in the low frequency is caused by the low relative value of the inertial contribution to the total impedance.
C. Proof cantilever
We fabricated a small elastic cantilever beam out of acetal plastic. Its response was measured independently from an impulsive test using a Doppler-effect vibrometer (ovf-2500 with ovf-534 head, Polytec Inc., Irvine, ca, usa). The tip of the cantilever was bonded to the moving plate of the apparatus using double sided tape and impedance measurements were performed in the 30-500 Hz bandwidth. The results can be seen in Fig. 10 . The very low damping of the proof cantilever explain the difference in the results in the high frequencies but the low frequencies the measurement followed the expected decrease of impedance with a rate of -20 dB/decade. The impedance value dropped around the resonant frequency. In the high frequencies, the impedance measurement showed the expected inertial behavior since the impedance increased at a rate of +20 dB/decade. 
D. Fingertip measurement
We can now show an example of a complete mechanical behavior measurement made while touching the probing plate of the instrument with a finger pushing on it with a normal force of 0.6 N, see Fig. 11 . In the low frequencies, the probing displacement was of the order of one millimeter. It can be seen from the absolute value of the measured impedance that the fingertip behaved essentially like a spring, up to a frequency of 100 Hz. Damping, identified from the real part of the impedance, was significant and dominated above 150 Hz. The apparent mass of the fingertip was quite small, viz. 0.2 g, and its contribution to the response results to the change of sign of the imaginary part of the impedance around 250 Hz. However, the real part of the impedance was not significant compared to the damping above 100 Hz. Therefore the finger could be modeled as a spring and a damper, with a transition at about 100 Hz.
These results are consistent with previous observations reporting that the fingertip skin can track unilateral stimuli up to about 100 Hz, albeit with normal excitation, 23 the cited study being the only one which, to our knowledge, has tested the fingertip skin behavior within the full frequency range that we can consider with our apparatus. Other measurements, not reported here, showed that the fingertip impedance varied significantly according to several factors.
V. CONCLUSION
We have described an apparatus able to probe the bulk mechanical impedance of a sample over a wide range, using a single actuator. A feedback loop was used to reduce the apparent impedance of the actuator, producing a state of quasi-resonance at any frequency. From proof masses and a proof cantilever, we could determine that the apparatus could detect a 0.1 g mass within the 20 to 500 Hz range.
The intended application is the measurement of the fingertip mechanical properties. Initial measurements revealed that the fingertip could be modeled by a spring and a damper-a Kelvin element-in the range from dc to 500 Hz, but that the impedance varied according to the testing conditions, a phenomenon which the subject of ongoing investigations.
The closed-loop operation principle for the reduction of apparent impedance, implemented here with a mesoscale electromagnetic device, could be easily extended to larger or smaller devices. In the small scales, electrostatic comb devices would scale favorably for actuation and sensing. Improvements could also result from the use of higher-order feedback and feedforward polynomial-based approaches to compensate for the inevitable mechanical limitations resulting from the higher resonant modes. Field Programmable Gate Arrays (fpga) digital circuit technology running digital control algorithms at high sampling rates could also replace analog circuits, providing many more control design options and enhanced repeatability. Finally, state observers could be included in the control design to reduce the number of sensors, but their impact on the accuracy of the measurements would have to be investigated.
